[Abstract] The CRISPR/Cas9 system has emerged as a powerful tool for gene editing in plants and beyond. We have developed a plant vector system for targeted Cas9-dependent mutagenesis of genes in up to two different target sites in Arabidopsis thaliana. This protocol describes a simple 1-week cloning procedure for a single T-DNA vector containing the genes for Cas9 and sgRNAs, as well as the detection of induced mutations in planta. The procedure can likely be adapted for other transformable plant species.
30. LB medium (agar plates and liquid), supplemented with 200 μg/ml ampicillin (see Recipes) 31. LB medium (agar plates and liquid), supplemented with 30 μg/ml kanamycin sulfate (see Recipes) 32. YEP medium (agar plates and liquid), supplemented with 150 μg/ml rifampicin, 50 μg/ml gentamycin sulfate, 50 μg/ml kanamycin (see Recipes) 33. ½ MS medium agar plates, supplemented with 33.3 μg/ml hygromycin B (see Recipes) should take into account that Cas9 might also mutagenize these sites, especially if these mismatches are at the 5' end of the 20 bp sequence (Semenova et al., 2011) . Even though the affinity for Cas9 will be lower than to your GOI and plants seem to be in general less affected by off targeting (Feng et al., 2014) , we recommend careful sequencing of these off target site in the knockout plants to ensure the absence of mutations in these genes.
5. Consider using a 20 bp target site that also contains a recognition site of a commercially available restriction enzyme. The target site of the restriction enzyme should span the site of Cas9 cleavage (3 bp in front of the PAM). This will allow you to use the restriction enzyme length polymorphism assay to detect mutations in your GOI.
B. Subcloning of 20 bp protospacer sequence into pFH6
1. An overview how to perform the subcloning of the protospacer sequence into pFH6 is given in Figure 2 .
2. Order forward and reverse primers for your candidate target sequence N20 with overlaps for cloning and dilute them to a final concentration (f.c.) of 10 μM.
Forward primer: TTCG-GN19
Reverse primer: AAAC-N19 (reverse complement) C (see Figure 2) www.bio-protocol.org/e2384 3. Pipette 10 μl of each primer dilution into a 1.5 ml microcentrifuge tube and mix.
4. Heat primer mix to 98 °C, 10 min, then 55 °C, 10 min, afterwards slowly cool down to RT (e.g., by switching off the heating block). By doing so, a double stranded DNA including your protospacer sequence (= annealed primers) will be generated.
Digest pFH6 with
BbsI-HF for 3 h at 37 °C. Use the other half of the colony for inoculation. 12. Sequence the plasmid and verify the sequence of the protospacer insertion using primer M13R (Table 1) .
C. Cloning of final plant T-DNA Cas9 vector using Gibson Assembly
1. An overview how to clone the final plant T-DNA Cas9 vector is given in Figure 3 . www.bio-protocol.org/e2384 9. Inoculate positive colony into LB medium supplemented with Kan and let grow overnight.
10. Purify the plasmid using the GeneMATRIX 3 in 1-Basic DNA Purification Kit.
11. Sequence the plasmid for verification of protospacer sequence insertion using primer FH179
and M13F (Table 1) .
Note: The vector system also allows cloning of two different sgRNAs into the pUB-Cas9 vector backbone to induce large deletions in the target genome or to destroy two genes at once.
Therefore, both protospacer sequences have to be cloned separately into pFH6 as described.
Then, the first sgRNA cassette has to be amplified from its subcloning pFH6-construct using the primers FH41 and FH254 ( All cloning steps are summarized in Table 2 : 
Note: Protocols for generation of competent A. tumefaciens cells and transformation of A. tumefaciens cells are described elsewhere (Hofgen and Willmitzer, 1988).
2. After two days of growth at 30 °C, verify plasmid presence in at least three colonies by colony PCR using primer FH61 and FH201 (Table 1) . In order to verify colony, pick half of a colony with a pipette tip and suspend cells in a 1.5 ml microcentrifuge tube containing 100 μl ddH2O. Heat www.bio-protocol.org/e2384 
Select the T1 generation plants for successful T-DNA insertion events on ½ strength MS agar
plates supplemented with Hyg. Verify the integration of the T-DNA by isolating leaf genomic DNA (gDNA) and subsequent PCR using primers FH61/FH201with the parameters described before.
Note: A detailed protocol for plant gDNA extraction by isopropanol precipitation can be found
elsewhere (Weigel and Glazebrook, 2009 ).
E. Detection of Cas9 induced mutations
The Cas9 protein in our vector system is transcribed under the control of the UBIQUITIN10 promoter of Arabidopsis, which allows Cas9 expression in nearly all tissues of the plant (Norris et al., 1993) .
Since the editing mechanisms of the Cas9 system work independently in each plant cell, T1 14 DNA cassette. To choose promising T1 lines for further screening, we also searched for mutational events in the T1 generation. We suggest to screen the plants for mutation in this way:
1. Amplify the genomic region around the Cas9 cutting site in your GOI (± 300-500 bp upstream and downstream) with gene specific primers from leaf gDNA using Phusion polymerase. 
15
The efficiency of the Cas9 system varies considerably as its mutagenic effect relies on various aspects, such as: the plant species, Cas9 and sgRNA expression levels, and the sequence of the target loci (Bortesi and Fischer, 2015; Paul and Qi, 2016) . Therefore, it is difficult to predict how many plants have to be screened to identify a heritable mutation. We recommend starting screening 30 plants per line. Screening for mutations in the T2 generation can be performed by amplification and Sanger sequencing of your GOI as described before. As this can become costly, several methods enable detecting mutations on genomic level without sequencing.
4. If you expect a specific phenotype due to the knockout of your gene, the easiest way to screen for mutations is a visual screen in the first place. These phenotypes can be changes in anatomy or survival of plants on selection medium. Plants that show a phenotype are then analyzed on genomic level as described above.
5. If you target two sites in your GOI at the same time, a simultaneous cleavage with two sgRNAs can result in large deletions, which can already be detected during the PCR amplification of your GOI ( Figure 5A ). Larger deletions can in theory also occur using one sgRNA, however, we usually discovered small indels in the range of a few bp, which usually cannot be detected by PCR product size difference using agarose gel electrophoresis.
Note: If you expect that only few cells contain the expected mutation (e.g., in chimeric plants), you can improve the PCR amplification efficiency of the mutant alleles by digesting unmutated
gDNA with a restriction enzyme that cuts between the two sgRNA target sites before PCR amplification of your GOI. is present in the mutagenic region 3 bp in front of the PAM site (bold, underlined), mutations (blue X) lead to cleavage resistant PCR amplicons. C. The T7 Endonuclease assay allows cleavage of heteroduplexes, which are produced by imperfect DNA pairing due to mutations on one strand of the DNA amplicon (red asterisk).
6. The restriction fragment length polymorphism (RFLP) assay is an elegant method to detect bp exchanges or small indels in your GOI. The advantage of this method is that heterozygous, biallelic and homozygous mutations can be detected ( Figure 5B ). The RFLP assay relies on the disruption of a restriction enzyme target site by Cas9 induced mutations. Therefore, the restriction enzyme target site should span the region at 3 bp in front of the PAM motive. For detection of mutations, the GOI is amplified with gene specific primers as described above. The PCR amplicon is then digested with the restriction enzyme of choice according to the manufacturer's instructions. The sizes of the restriction fragments are analyzed by agarose gel electrophoresis. For the RFLP assay, amplify your GOI as described before. Separate the PCR products on an agarose gel and extract the PCR product from the gel using the GeneMATRIX 7. The T7 endonuclease assay and the Surveyor assay allow detection of small indels and bp exchanges in your target site ( Figure 5C ). First, the GOI is PCR amplified using a proofreading DNA polymerase. The PCR amplicon is then denatured and reannealed. In this step, ssDNA strands containing a mutation will anneal to DNA strands that do not contain a mutation, leading to non-perfectly matching dsDNA strands. These heteroduplexes are then recognized and cleaved by the T7 Endonuclease I or the Surveyor Nuclease. The restriction fragment pattern is analyzed by agarose gel electrophoresis. The advantage of these methods is that they do not www.bio-protocol.org/e2384 
Data analysis
1. There is no specific requirement for large-scale data analysis to generate Cas9-mediated knockout mutants. The mutagenic effect of the Cas9 system varies considerably depending on the plant species, Cas9 and sgRNA expression levels, and the sequence of the target loci (Bortesi and Fischer, 2015; Paul and Qi, 2016) . Additionally, the Cas9 system produces chimeric plants due to the possibility of independent mutation events in each cell. Therefore, statistical analyses of mutation efficiencies are complicated and the results of one experiment might not be transferable to another one, especially if a different sgRNA is used.
2. Sequencing data obtained from transformed plants can be compared to sequences from WT plants using alignment tools like MUSCLE with default settings (Edgar, 2004) . Sequencing histograms can be analyzed using 4Peaks software. 
